Abstract: River terraces are the principal geomorphic features for unraveling tectonics, sea level, and climate conditions during the evolutionary history of a river. The increasing availability of high-resolution topography data generated by low-cost Unmanned Aerial Systems (UAS) and modern photogrammetry offer an opportunity to identify and characterize these features. In this paper, we assessed the capabilities of UAS-based Structure-from-Motion (SfM) photogrammetry, coupled with a river terrace detection algorithm for mapping of river terraces over a 1.9 km 2 valley of complex terrain setting, with a focus on the performance of this latest technology over such complex terrains. With the proposed image acquisition approach and SfM photogrammetry, we constructed a 3.8 cm resolution orthomosaic and digital surface model (DSM). The vertical accuracy of DSM was assessed against 196 independent checkpoints measured with a real-time kinematic (RTK) GPS. The results indicated that the root mean square error (RMSE) and mean absolute error (MAE) were 3.1 cm and 2.9 cm, respectively. These encouraging results suggest that this low-cost, logistically simple method can deliver high-quality terrain datasets even in the complex terrain, competitive with those obtained using more expensive laser scanning. A simple algorithm was then employed to detect river terraces from the generated DSM. The results showed that three levels of river terraces and a high-level floodplain were identified. Most of the detected river terraces were confirmed by field observations. Despite the highly erosive nature of fluvial systems, this work obtained good results, allowing fast analysis of fluvial valleys and their comparison. Overall, our results demonstrated that the low-cost UAS-based SfM technique could yield highly accurate ultrahigh-resolution topography data over complex terrain settings, making it particularly suitable for quick and cost-effective mapping of micro to medium-sized geomorphic features under such terrains in remote or poorly accessible areas. Methods discussed in this paper can also be applied to produce highly accurate digital terrain data over large spatial extents for some other places of complex terrains.
Introduction
River terraces are low-relief surfaces perched above the channel and formed by deposition and erosion of valley-fill sediments (i.e., alluvial terraces) or erosion of bedrock (i.e., strath terraces) [1] . They are formed when a river switches from a period of slow vertical incision and valley widening to with UASs and SfM-based photogrammetry provides an efficient and low-cost technique to produce topographic data at high spatial resolutions [17] [18] [19] [20] [21] . Meanwhile, accuracies of this approach have been extensively evaluated using terrestrial LiDAR, airborne LiDAR or accurately surveyed ground control points as references [18, 20, [22] [23] [24] . These results suggested that this approach can produce DSMs with accuracies ranging from submeter to centimeter level. As such, UAS-based SfM photogrammetry has been applied to a broad range of geomorphic features detection and mapping applications, including gully erosion [25] , glacial dynamics [19] , coastal processes [20] , geomorphic change detection [21] , and river bank erosion [26] . However, no published work so far has been reported regarding the mapping of river terraces using this approach. Compared with the mentioned applications, mapping of river terraces is more challenging in that they are usually located in topographically complex valleys, which pose difficulties for UASs to acquire images with enough overlaps. In addition, most previous accuracy assessment studies have been conducted over flat or gentle terrains. The performance of this approach under complex topography settings is not well documented. Thus, testing of this technique under such settings is highly desired before it can be employed as an effective tool for river terrace mapping.
The objective of this paper is threefold. First, we propose an image acquisition approach for the topographically complex river valley of relatively large spatial extent using a quadcopter. Second, we test the performance of UAS-based SfM approach under such conditions by assessing the accuracy of generated DSM. Third, we evaluate this DSM as a tool for the mapping of river terraces.
Study Area
The study area is located at the Xiaobangshuiya Village (40 • 7 21"N; 119 • 34 10"E), adjacent to the Qinhuangdao National Geopark, and about 23 km northwest of Qinhuangdao City, Hebei Province, China ( Figure 1a ). The village is situated at the middle reach of Dashi River, which flows from northwest to southeast into the Bohai Sea with a length of 70 km and drains an area of 600 km 2 ( Figure 1b) . The study valley is about 1.7 km in length and 1.1 km in width, covering an area of about 1.9 km 2 . The elevation of the valley varies between 86 m to 200 m above-sea-level, creating a total elevation range of~120 m (Figure 1c ). The study area exhibits a typical mountain valley topography characterized by slopes up to 70 • (mean slope: 25 • ), which offers an opportunity to test the performance of UAS-based SfM over a complex terrain setting.
The geology of the valley comprises Quaternary alluvium and river terrace sand and gravel overlying the middle-late Jurassic Tiaojishan Formation. In this area, the Tiaojishan Formation bedrock consists of purple-red intermediate-basic volcanic and pyroclastic rocks [27] . The bedrock widely outcrops in the riverbed and the walls of the valley. There are no active faults within the study reach. The Dashi River is a mountainous intermittent river with great variability in flow because of seasonal precipitation. The water level during normal river flow period is between 0.5 m and 1.0 m, which can rise by 3 m to 6 m in the summer flood season [28] . The Dashi River in the study area has a strongly meandering character, running from the southwest to the northeast, and then to the south. As a result of the lateral erosion, the bedrock cliffs are formed in the concave bank, with heights up to 70 m and 40 m in the north and south bank, respectively. Accordingly, the river floodplains are developed in the convex bank due to the lateral accumulation. Some of the higher surfaces are fragmented and incised by fluvial erosion (Figure 1c ). The width of the floodplain varies between 50 m to 390 m. Due to intermittent uplifts of the crust, multi-level river terraces were developed. Although most of them have now been transformed into roads, villages, and permanent arable land, several terraces can still be clearly identified in the DSM and in the field (Figure 1c,d ). Land use within the study area is dominated by farmland, with some scrubland and rural settlements. Corn is the largest agricultural crop grown in this area.
Because of the representative features of fluvial geomorphology and well-preserved outcrops of middle Jurassic extrusive rocks, the study area has become an important field training site for students of geoscience-related majors [29] . Each summer, thousands of students from over 20 universities/colleges around China visit the study site to finish their field courses.
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Materials and Methods

UAS Image Acquisition Over Complex Terrains and Ground Data Collection
The UAS platform used is a small quadcopter, Phantom 4p by DJI (DJI Technologies, Shenzhen, China), with an integrated consumer-grade camera (Figure 2a ). This portable UAS weighs less than 1.4 kg with a wingspan of 350 mm. The integrated camera featured a 35 mm equivalent (84 • FOV) f/2.8-f/11 autofocus lens and a 1-inch type CMOS sensor of 20 megapixel (MP). The camera is mounted on to a 3-degree of freedom gimbal to maintain the nadir orientation during the image acquisition. The quadcopter has an onboard navigation system composed of an inertial measurement unit (IMU), altimeter, GPS, compass, and GPS-enabled autopilot. The UAS is controlled with an external tablet PC and remote control, which allows autonomous flights through waypoints predefined by the mission planning software package.
Since the area under investigation is relatively large and topographically complex, it is not possible to acquire the images with enough overlapping using a quadcopter by the conventional approach. Hence, we proposed an image acquisition approach for such complex settings, which involved the creation of sub mapping units to minimize the actual flight height variations above the ground, and the utilization of multiple batteries within a smart management mission planning software to extend the survey area. In this work, UAS aerial images were acquired under the leaves-off season on 28 March 2017 to ensure sparse, dormant vegetation. Conditions were clear and sunny, and wind speed was less than 7.0 m/s at the data collection time. The study valley was divided into two mapping units. As a result, the elevation variation was reduced from 120 m for the entire valley to 50 m and 60 m for each of the mapping unit, hence ensuring sufficient overlaps of acquired images. Two flights of parallel flight-lines orienting east-west were designed, which were at 150 m and 120 m above-ground-level (AGL), covering areas of 0.9 km 2 and 1.0 km 2 , respectively (Figure 2b ). For both flights, the speed was set to 10 m/s, and the across-and along-track overlaps set to 70% and 80%, respectively. The quadcopter took off at around the center of each flight unit to achieve the optimum usage of batteries, which yielded 7 and 8 flight lines, with a total flying time of 40 and 45 min, respectively (Figure 2b ). The flight is planned via third-party software, that is, Map Pilot for DJI, featured by smart battery management function [30] . Although the quadcopter has a battery life of 30 min, an overhead of 9 min is usually left to safely land the UAS, and another 2 min is taken to travel from the takeoff to the start point. Net battery life of 19 min is available for image acquisition. Thus, three batteries are required for each of the flight. As a result, 516 and 594 geotagged images were acquired for each of the flights during 9:45 a.m. and 11:55 a.m., with Ground Sample Distances (GSD) of approximately 4.43 cm/pix and 3.54 cm/pix, respectively.
To produce orthomosaics and DSM, 19 ground targets were placed prior to the flight to serve as GCPs. The targets were either marked with red paint on roadsides (7 points) or 1 × 1 m painted canvas over farmlands (12 points) (Figure 2d,e) , which are clearly visible in images (Figure 3b,c) . The coordinate of each GCP was recorded by a survey grade dual-frequency RTK (real-time kinematic) GPS, composed of a base station and a rover (Figure 2c,d) . The instrument has a manufacturer's stated accuracy specification of ±1 cm + 1 ppm RMS horizontal, and ±2 cm + 1 ppm RMS vertical, which were confirmed with our repeatability tests. To assess the vertical accuracy of final DSM, independent field checkpoints were also surveyed as GTPs (Ground Truth Points). GTPs were collected as much as possible, distributed from the lowest riverside to the hilltop, accounting for all the elevations of the study valley. GTP recorded on the farmland surface must be performed with care since the GPS pole easily penetrates the soil for a few centimeters. In this work, a thin flat base was used with the pole to avoid this. As a result, a total of 196 GTPs were collected. All the points were measured in WGS84/ETRF2000 reference system, as shown in Figure 3a .
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SfM Photogrammetry Workflow
Agisoft PhotoScan 1.3.0 (Agisoft LLC, St. Petersburg, Russia) was used to produce the DSM and orthomosaics from the images obtained by the two flights. PhotoScan is capable of processing images from different flying altitudes, and the final products have an average GSD value of the input images. To handle these massive data, PhotoScan was configured to run on a computer cluster, composed of a server and three hosts that were connected by a gigabit network (Table 1 ). In such a configuration, multiple PhotoScan instances running on different processing nodes can work on the same task in parallel, significantly reducing the total processing time [31] . The workflow regarding image processing of this work is briefly described below, and parameters were chosen based on test-and-trial ( Table 2) . The workflow started with an image alignment stage. The alignment was done by detecting tie points within images and matching them based on their local neighborhood. PhotoScan uses a proprietary algorithm similar to the widely used scale-invariant feature transform (SIFT) [32] but slightly modified for higher alignment quality. The resulting sparse point cloud comprised of 3.85 million points for a density close to 15.4 point/m 2 . Meanwhile, the internal and external camera parameters were solved as well. However, these parameters are prone to some errors that can lead to non-linear deformations of the final model [33] , and hence needed to be optimized. The second step of optimization involved two stages. First, the sparse point cloud was manually edited by removing obvious outliers and mislocated points. Second, 19 GCPs were used to georeference the model as well as optimize the camera parameters by minimizing the errors between the modeled locations and the measured ones; hence, there was no need to pre-calibrate the cameras and lens optics. The third step, dense point cloud building, was based on the optimized camera positions. Pair-wise depth maps were computed for each image using an MVS algorithm and then combined into a final Remote Sens. 2019, 11, 464 7 of 16 dense point cloud. The MVS operates on pixel values rather than features and hence enables the fine details of the terrain to be constructed [34] . The resultant dense cloud comprised of about 1.72 billion points, corresponding to a density of 690 points/m 2 , which was then subject to some edition prior to proceeding to 3D mesh model generation to remove the most obvious point outliers. The fourth step, DSM and orthomosaic generation, was undertaken by converting the dense cloud to a triangulated surface mesh and calculating a texture atlas for the model. The mesh was further processed to a georeferenced DSM and orthomosaic by the projection of the images onto the surface.
Accuracy Assessment
The accuracy of DSM was evaluated by both GCPs and GTPs. After optimizing the photogrammetric network from the distribution of the GCPs, a residual error and a root mean square error (RMSE) were calculated for each point in both projection and pixel units. However, these statistics only show how well PhotoScan is fitting the data to the GCPs. In order to assess the accuracy of DSM in a more objective manner, GTPs independent of DSM generation were used. For these points, elevations were calculated from the DSM by the bilinear interpolation and then compared to the measured elevations. The statistics of vertical differences (dH) were calculated and analyzed, including mean, median, standard deviation (Stdev), RMSE, and mean absolute difference (MAD). The distribution of dH was obtained as well.
River Terrace Mapping and Analysis
Prior to the mapping, a morphological definition of river terraces is required so that all traces of ancient floodplains preserved until the present can be detected. The definition relies on an extended concept that river terraces are defined as low relief, quasi-planar areas capped by alluvium, and proximal to the modern river channel. Based on this definition, the method proposed by Clubb et al. [9] was employed to detect river terraces in this work. It was selected because it can replicate the extended concept as closely as possible by using two metrics, including elevation compared to the nearest channel, and local gradient. In addition, the previous results showed that the method can successfully extract terrace features compared to the field-mapped data, and is most accurate in areas where there is a contrast in slope between the feature of interest and the surrounding landscape, such as confined valley settings [9] . The two metrics can be readily calculated from the DSM after the pre-processing and channel extraction. Some morphological units of other origins (e.g., agricultural terraces) may be also included using this method, which were excluded by field check campaigns. The identified river terraces were further classified according to their elevations above the modern river channel. All the processes were performed using the ArcGIS 10.2 (ERSI, Redlands, CA., USA).
Results
DSM and Orthomosaic
A total of 1100 images were used to produce the DSM and orthomosaic. It took the computer cluster approximately 48 hours for the processing, including computational processing time and interactive adjustments. The output datasets had a uniform pixel resolution of 3.8 cm after accounting for the effects of mosaicking and orthorectification processes, as shown in Figures 1c and 3a. A qualitative assessment was made of the orthomosaic, which revealed that cut lines were not detectable and image color balancing was good. The exceptions were a few areas in the boundary where the overlap was not sufficient, and gaps were created. Since the images were taken in the leaves-off season, the generated DSM provides a good representation of the terrain, making it well suited for the recognition of landforms. For example, terrace treads can be visually identified by a distinct change in slope from the terrace riser to approximately planar former floodplain surfaces (Figure 1c) . The agriculture terraces on the hillside can also be observed from the DSM (Figure 1c ).
DSM Accuracy
The error statistics generated using GCPs are summarized in Table 3a . The accuracy statistics suggested that the georeferencing had a total RMSE value of 3.34 cm. The total x and y RMSE values were 2.02 and 2.24 cm, respectively, which were less than the image resolution. Compared to other remote sensing data, this is a relatively small horizontal error, especially when considering a large number of images of different scales used to create the orthomosaic. The vertical RMSE value was 1.14 cm. The mean reprojection error (MRE) is less than 0.4 pixel. This error can be seen as a proxy of geometric accuracy of the bundle adjustment as it uses the interior and exterior camera orientation parameters. These accuracy values seem quite satisfactory but may be misleading. These indicators only provide an assessment of the internal coherence of the photogrammetric process and of the quality of alignment, and, consequently, of the depth reconstruction from which are derived the dense point clouds. As such, the vertical accuracy of the DSM is more objectively assessed from GTPs independent of the dataset generation, as listed in Table 3b . Table 3 . Error statistics of ground control points (GCPs) (a) measured on the dense point cloud 3D model after optimization, and of ground truth points (GTPs) (b) measured on DSMs. These errors are derived from differencing with RTK-GPS measurements that serve as a reference. Figure 4a shows the distribution of dH, which appears to be nearly normal. Positive values indicate that the elevations of points on the DSM surface are greater than the corresponding elevations of GPS points, and vice versa. In the histogram, the overall accuracy of DSM was very satisfactory with a large proportion of GTPs centered on a mean error of −1.8 cm and a median of −1.7 cm (Table 3b ). It indicated that the generated DSM was slightly lower than the real terrain. The MAD and the RMSE were similar with values of 2.9 and 3.1 cm, respectively, revealing an accurate reconstruction of the valley topography (Table 3b) . We calculated 58.7% of dH values within a ±3 cm interval, 90.3% within ±6 cm, and 98.5% within ±9 cm, while only 1.5% exceeds the interval of ±9 cm. The greatest difference value is −12.4 cm. Figure 4b presents GTP elevations estimated from the DSM as a function of GTP elevations obtained by RTK-GPS. The figure indicates a perfect linear fit with a coefficient of determination (R 2 ) of 1, demonstrating that there are no major outliers present, and no systematic offset between the DSM and GTP observations. Remote Sens. 2019, 11 FOR PEER REVIEW 8 remote sensing data, this is a relatively small horizontal error, especially when considering a large number of images of different scales used to create the orthomosaic. The vertical RMSE value was 1.14 cm. The mean reprojection error (MRE) is less than 0.4 pixel. This error can be seen as a proxy of geometric accuracy of the bundle adjustment as it uses the interior and exterior camera orientation parameters. These accuracy values seem quite satisfactory but may be misleading. These indicators only provide an assessment of the internal coherence of the photogrammetric process and of the quality of alignment, and, consequently, of the depth reconstruction from which are derived the dense point clouds. As such, the vertical accuracy of the DSM is more objectively assessed from GTPs independent of the dataset generation, as listed in Table 3b . Figure 4a shows the distribution of dH, which appears to be nearly normal. Positive values indicate that the elevations of points on the DSM surface are greater than the corresponding elevations of GPS points, and vice versa. In the histogram, the overall accuracy of DSM was very satisfactory with a large proportion of GTPs centered on a mean error of −1.8 cm and a median of −1.7 cm (Table 3b ). It indicated that the generated DSM was slightly lower than the real terrain. The MAD and the RMSE were similar with values of 2.9 and 3.1 cm, respectively, revealing an accurate reconstruction of the valley topography (Table 3b) . We calculated 58.7% of dH values within a ±3 cm interval, 90.3% within ±6 cm, and 98.5% within ±9 cm, while only 1.5% exceeds the interval of ±9 cm. The greatest difference value is −12.4 cm. Figure 4b presents GTP elevations estimated from the DSM as a function of GTP elevations obtained by RTK-GPS. The figure indicates a perfect linear fit with a coefficient of determination (R²) of 1, demonstrating that there are no major outliers present, and no systematic offset between the DSM and GTP observations. 
River Terraces
After applying the terrace extraction method to the generated DSM, a map of potential terrace areas (PTAs) was obtained, as shown in Figure 5a . The presence and distribution of PTAs were generally consistent with the extent of terraces from a visual inspection of shaded DSM. The results were further validated through the fieldwork. Most of the PTAs were confirmed due to the observation of natural planation surfaces or fluvial sediments. Some of the PTAs were excluded since they correspond to anthropic agricultural terraces. The validated river terrace map is shown in Figure  5b . Based on tread height distributions, river terraces were classified into four categories, including 5 m (T0), 7-8 m (T1), 9-12 m (T2), and 29-34 m (T3) above the present bankfull level. The characteristics of these river terraces are briefly described below. 
After applying the terrace extraction method to the generated DSM, a map of potential terrace areas (PTAs) was obtained, as shown in Figure 5a . The presence and distribution of PTAs were generally consistent with the extent of terraces from a visual inspection of shaded DSM. The results were further validated through the fieldwork. Most of the PTAs were confirmed due to the observation of natural Remote Sens. 2019, 11, 464 9 of 16 planation surfaces or fluvial sediments. Some of the PTAs were excluded since they correspond to anthropic agricultural terraces. The validated river terrace map is shown in Figure 5b . Based on tread height distributions, river terraces were classified into four categories, including 5 m (T0), 7-8 m (T1), 9-12 m (T2), and 29-34 m (T3) above the present bankfull level. The characteristics of these river terraces are briefly described below.
Remote Sens. 2019, 11 FOR PEER REVIEW 9 Figure 5 . The distribution of potential river terraces (a) and validated river terraces (b) overlaid on the shaded DSM of the study valley.
T0 is approximately 5 m above the bankfull and closely distributed to the river bed. Field observations of characteristics of T0 risers indicated a significant proportion of large rounded and often pitted cobble to boulder-sized clasts, within a matrix of sand and gravel (Figure 6a ). Modern deposition results indicated that T0 is part of the active floodplain, and these surfaces are the high floodplain, and therefore, not considered as river terraces. T1 treads are common throughout the study area in height from 7 to 8 m above bankfull. The extent of these treads is limited to the nearchannel environment, and these terraces are typically found on the inside of meander bends, or in a narrow band parallel to the present channel. It has been transformed into rural settlements and roads. T2 terrace treads are found throughout the study valley, and heights of these treads are between 9 and 12 m above bankfull. They are expressed as elongated benches parallel to and above the river channel (Figure 5b) . It covers the largest area underlain fluvial deposits. The terrace has been transformed into permanent farmland. At some locations, terraces within this height range are characterized by medium to large boulders exposed in terrace risers (Figure 6b ) or at the treads (Figure 6c ). T3 terrace is bedrock strath terrace and overlain by alluvium of variable thickness, with a height of 29-34 m above bankfull (Figure 6d ). The terrace is discontinuous as it has been eroded over time (Figure 5b ). The bedrock is frequently exposed along the erosion gullies. The terrace remnants have been transformed into farmlands at different elevation levels, forming multi-level agricultural terraces (Figure 2b ). T0 is approximately 5 m above the bankfull and closely distributed to the river bed. Field observations of characteristics of T0 risers indicated a significant proportion of large rounded and often pitted cobble to boulder-sized clasts, within a matrix of sand and gravel (Figure 6a ). Modern deposition results indicated that T0 is part of the active floodplain, and these surfaces are the high floodplain, and therefore, not considered as river terraces. T1 treads are common throughout the study area in height from 7 to 8 m above bankfull. The extent of these treads is limited to the near-channel environment, and these terraces are typically found on the inside of meander bends, or in a narrow band parallel to the present channel. It has been transformed into rural settlements and roads. T2 terrace treads are found throughout the study valley, and heights of these treads are between 9 and 12 m above bankfull. They are expressed as elongated benches parallel to and above the river channel (Figure 5b) . It covers the largest area underlain fluvial deposits. The terrace has been transformed into permanent farmland. At some locations, terraces within this height range are characterized by medium to large boulders exposed in terrace risers (Figure 6b ) or at the treads (Figure 6c ). T3 terrace is bedrock strath terrace and overlain by alluvium of variable thickness, with a height of 29-34 m above bankfull (Figure 6d ). The terrace is discontinuous as it has been eroded over time (Figure 5b ). The bedrock is frequently exposed along the erosion gullies. The terrace remnants have been transformed into farmlands at different elevation levels, forming multi-level agricultural terraces (Figure 2b ).
Discussion
T0 is approximately 5 m above the bankfull and closely distributed to the river bed. Field observations of characteristics of T0 risers indicated a significant proportion of large rounded and often pitted cobble to boulder-sized clasts, within a matrix of sand and gravel (Figure 6a ). Modern deposition results indicated that T0 is part of the active floodplain, and these surfaces are the high floodplain, and therefore, not considered as river terraces. T1 treads are common throughout the study area in height from 7 to 8 m above bankfull. The extent of these treads is limited to the nearchannel environment, and these terraces are typically found on the inside of meander bends, or in a narrow band parallel to the present channel. It has been transformed into rural settlements and roads. T2 terrace treads are found throughout the study valley, and heights of these treads are between 9 and 12 m above bankfull. They are expressed as elongated benches parallel to and above the river channel (Figure 5b) . It covers the largest area underlain fluvial deposits. The terrace has been transformed into permanent farmland. At some locations, terraces within this height range are characterized by medium to large boulders exposed in terrace risers (Figure 6b ) or at the treads (Figure 6c ). T3 terrace is bedrock strath terrace and overlain by alluvium of variable thickness, with a height of 29-34 m above bankfull (Figure 6d ). The terrace is discontinuous as it has been eroded over time (Figure 5b ). The bedrock is frequently exposed along the erosion gullies. The terrace remnants have been transformed into farmlands at different elevation levels, forming multi-level agricultural terraces (Figure 2b ). 
Mapping of Complex Terrains Over Relatively Large Spatial Extents
Mapping of complex terrains over large spatial extents is not an easy thing. First, it requires the UAS to fly for a considerable amount of time and need little space to take off or land, which pose challenges for most UASs. Although the fixed-wings have longer flight durations thus enabling larger survey areas, they require considerable open spaces for take-off and landing, which are usually unavailable over complex terrains. The rotary ones can vertically take off and land, however, they can only survey limited areas [18] . For mapping of the study valley, a rotary quadcopter was selected as it can take off and land almost anywhere, making it well suited to fly in rugged and limited terrains [19] . Although the 1.9 km 2 coverage of the study valley is far beyond the limit of the quadcopter, the survey was made possible by using multiple batteries along with a mission planning software. In addition to creating the flight path, Map Pilot for DJI also features smart management of multiple batteries [30] . During the survey, the quadcopter was automatically returned home once the user's battery timer ran out, the point of abandonment was recorded, and the quadcopter would pick right back up the point with the fresh battery and continued the remaining mission. With this feature, survey areas of Phantom 4p could be significantly extended, making it capable of mapping complex or inaccessible terrains of relatively large spatial extents where fixed-wings or traditional survey methods would be unfeasible or unsafe.
Second, sufficient overlap among images is hard to achieve over highly undulating terrains since the actual flight height above the ground is quite variable. The overlap is of key importance for producing high-quality DSMs. It has been reported that DSM accuracy improves as the overlap increases due to a better estimation of the image block orientation parameters [35] . To ensure sufficient overlap, two mapping units were created with different flight altitudes orienting east-west in this study (Figure 2b ), which roughly correspond to the trending of topography. Under such a flight plan, elevation variations of the two units are significantly reduced. For mapping of even more complex terrains, more mapping units may be created to minimize the actual flight height variations above the ground. In this work, the same across-and along-track overlaps of 70% and 80%, respectively, were used for the two flights because the SfM algorithms are capable to automatically process images of different overlaps [13] . In addition, the overlap values were large enough for SfM photogrammetry, which would strengthen the block geometry. With the proposed mission planning approach, an adequate image overlapping across all locations was guaranteed, as shown in Figure 7 . Despite the huge topographic variation, the effective overlap of >9 images per point was achieved for most of the study area. An exception occurred at the lower left of the study area, where two big radio transmission towers (about 60 m in height) are standing on the top of the hill, disrupting image matching with occlusion. In recent years, some advanced mission planning software allows UAS to acquire images with the same spatial resolution by following the terrain morphology. This is especially effective in cases with large variations in terrain elevation as most of this software utilize the 30 m SRTM (Shuttle Radar Topography Mission) DEM for terrain following capabilities. In future surveys, this kind of utility should be exploited to acquire images with uniform resolutions.
Third, GCP setup and image processing need to be additionally addressed as they are the most time-consuming steps in the mapping of complex terrains over relatively large spatial extents. For example, it took about half a day for deploying and measuring the 19 GCPs in the field, not mentioning the time needed for identification of GCPs within the imagery. Recently, the direct georeferencing of UAS images are very popular, which enables imagery to be georectified without the need for GCPs [36] . It simplifies the data collection process, making the use of UASs more cost-effective and time efficient. Hence, direct georeferencing should be considered regarding the mapping of complex terrains over large spatial extents. The time requirements for image processing depend on the degree of detailedness and the number of images. For the processing of massive data with a high detail level, cluster computers with multiprocessor and GPU acceleration are strongly recommended.
Overall, the results demonstrated that the proposed workflow of mapping topographically complex terrains of large spatial extents using a quadcopter is reliable. Our work provides the guidelines for UAS surveys under such complex conditions, therefore, promoting quick and cost-effective landform mapping applications in remote or poorly accessible areas. Overall, the results demonstrated that the proposed workflow of mapping topographically complex terrains of large spatial extents using a quadcopter is reliable. Our work provides the guidelines for UAS surveys under such complex conditions, therefore, promoting quick and costeffective landform mapping applications in remote or poorly accessible areas.
Spatial Resolution and Vertical Accuracy
Landform mapping strongly relies on the details of digital terrain. With careful mission plan, flight execution and image processing, we obtained a dense cloud of 690 points/m 2 for the highest reconstruction quality. It is almost the same density as TLS point clouds (i.e., a mean density of 760 points/m 2 [24] ), and denser than most of LiDAR point clouds (i.e., a density of 35 points/m 2 [37] ). The dense cloud resulted in a 3.8-cm ultrahigh-resolution DSM. The effective DSM resolution is largely determined by the density of point cloud, while that of the orthomosaic depends entirely on the resolution of original images. Hence, the 3.8-cm resolution for orthomosaic may be an artificial resolution associated with the interpolation in PhotoScan, as the GSDs of the input image are 3.54 cm/pix and 4.43 cm/pix, respectively. It is noted that for landform mapping applications, the spatial resolution of DSM should match the scale of landform under investigation. In this work, the generated ultrahigh-resolution DSM seems too detailed for the detection of large-scale river terraces. A resampling process may be applied to derive a coarser DSM, which will be especially effective when a complicated river terrace detection algorithm is employed.
The accuracy of topographic data is critical for landform mapping. Despite the complex terrain, a vertical RMSE of 3.1 cm was achieved over the study valley. The vertical accuracy is superior to that of typical airborne LiDAR surveys (15 cm elevation RMSE [38] ) and even better than the accuracy of TLS (5 cm elevation RMSE [39] ). Meanwhile, compared to LiDAR surveys, the cost of the proposed method is significantly reduced. The vertical accuracy achieved in this work is also comparable with the results obtained from other similar UAS studies conducted under different geomorphologic settings (Table 4) . For example, our results exceed those reported by Long et al. [22] , Gonçalves et al. [24] , and Tonkin et al. [18] of 17 cm, 12 cm, and 51.7 cm vertical RMSE, respectively, and are similar to those reported by Gonçalves et al. [20] of 2.7-4.6 cm vertical RMSE.
The high accuracy of DSMs obtained in this work could be attributed to several reasons, including the proper deployment of GCPs, the season of image acquisition, as well as sufficient image overlap. The number and spatial distribution of GCPs have a strong influence on the accuracy of DSMs derived from UAS photogrammetry. Several previous studies have concluded that DSM accuracy improves with the increase of GCPs until a certain density of GCPs is reached [23, [40] [41] [42] . In our UAS dataset, 19 GCPs were deployed across the study area, resulted in a mean error of 0.34 pixel for the coordinates of these points by multi-ray intersection. It is likely that the number and distribution of GCPs were sufficient to properly parameterize the 3D model during bundle adjustment. The presence of vegetation is another known cause of poor accuracy in UAS derived 
The high accuracy of DSMs obtained in this work could be attributed to several reasons, including the proper deployment of GCPs, the season of image acquisition, as well as sufficient image overlap. The number and spatial distribution of GCPs have a strong influence on the accuracy of DSMs derived from UAS photogrammetry. Several previous studies have concluded that DSM accuracy improves with the increase of GCPs until a certain density of GCPs is reached [23, [40] [41] [42] . In our UAS dataset, 19 GCPs were deployed across the study area, resulted in a mean error of 0.34 pixel for the coordinates of these points by multi-ray intersection. It is likely that the number and distribution of GCPs were sufficient to properly parameterize the 3D model during bundle adjustment. The presence of vegetation is another known cause of poor accuracy in UAS derived DSMs. The vegetation may obscure or obstruct line-of-sight of actual ground level and disrupt image matching with shadow and occlusion [43] . We suspect that the low vertical accuracies reported by Tonkin et al. [18] might be related to the influence of vegetation, where the vertical error is found particularly pronounced around trees, and in areas vegetated with heather. Therefore, it is suggested that the UAS survey should be made during leave-off seasons to increase the accuracy of DSM, as well as capture relief features. The image overlap can also impact the DSM accuracy as discussed in the previous section. The high overlapping can result in an accuracy improvement in the point cloud extraction, which contributes to the high accuracy of DSM. However, the major error source in this work is likely to be the 2 cm vertical accuracy of RTK-GPS, as the obtained 3.1 cm accuracy is not much greater than the measurement accuracy. Overall, our results suggested that the low-cost UAS-based SfM photogrammetry can deliver highly accurate topographic information over complex valleys. In addition to landform mapping, multi-temporal UAS imagery may also be used to measure topographic changes associated with landform morphodynamics, such as the morphological changes of river channel bar in response to a flood event [44] .
Terrace Extraction
After validation, it was accepted that there are three levels of river terraces, presenting a relatively good continuity along the studied valley. The obtained results were compared with previous works concerning the terraces of the study area [28, 29] . These authors described three levels of river terraces located at approximately 3-5 m, 12 m, and 21-25 m above the present bankfull level. Our results are generally consistent with the findings of the previous studies. However, they did not give the detailed river terrace map. Additionally, it is interesting to note that three levels of wave-cut platforms and cliff notches located at the similar levels as the river terraces were also documented in this region [29] , suggesting that the amounts of tectonic uplifts were comparable to those derived from river terrace sequences.
The employed methodology may have several advantages over previous mapping techniques. Compared with field mapping [5] , the high-resolution DSM is helpful when dealing with less developed or severely eroded terraces whose detection could have been missed as a synoptic view is lacking when standing in the terrace. Compared with automatic river terrace mapping [6] [7] [8] [9] , which were mainly based on relatively coarse DEMs, UAS-SfM mapping allows more accurate identification of vertical offsets of terrace levels. On this basis, dating samples can be taken for age estimation using optically stimulated luminescence technique, which may provide important information on river downcutting rates during different periods. Although UAS-SfM mapping can provide a detailed and overall view of river terraces, it is never a replacement for field observations as it cannot distinguish river terraces from some other planar features as shown in our case. Therefore, the integration of both methods is suggested to obtain a more complete and accurate river terrace map. In addition, the high-resolution UAS-SfM datasets allow the detailed 3D construction of the area under investigation [15] , which greatly facilitates the landform detection and interpretation. For example, Figure 8 is the 3D representation of the study valley, which clearly shows the array of river terraces, revealing that the Dashi River has gone through downcutting in several periods. The chronological order of terraces can be easily inferred from their distances to the river as well.
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Conclusions
This study is, to our knowledge, the first one to evaluate the performance of low-cost UAS-based SfM photogrammetry for terrace mapping over a complex terrain setting with a relatively large spatial extent. For a survey of such a complex area using a quadcopter, an image acquisition approach was proposed, which involved the creation of sub mapping units to ensure sufficient overlaps of acquired images, and the utilization of multiple batteries within a smart management mission planning software to extend the survey area. The study was carried out over the 1.9 km 2 valley of Dashi River, Qinhuangdao, China. As a result, a 3.8 cm resolution orthomosaic and DSM were generated from a total of 1100 images acquired from the two mapping units. The vertical accuracy of DSM was assessed against 196 independent checkpoints measured with an RTK GPS, which showed that the RMSE and MAE are 3.1 cm and 2.9 cm, respectively. Based on the generated DSM, a highlevel floodplain and three level river terraces were identified, which were 5.0 m (T0), 7-8 m (T1), 9-12 m (T2), and 29-34 m (T3) above the present bankfull level. The field validation confirmed that most of the delineated terraces correspond to terrace remnants.
In summary, this study highlighted that the highly accurate DSM of centimeter-level resolution could be obtained over complex terrain settings using the low-cost UAS-based SfM photogrammetry, competitive with those delivered using more expensive laser scanning. The generated DSM is particularly suitable for the quick and cost-effective mapping of river terraces. This work provides the workflow for the production of highly accurate datasets under such complex conditions and thus promotes landform mapping applications in remote or poorly accessible areas. Additionally, there are several advantages of UAS-based SfM photogrammetry, including low-cost, high efficiency, high A key goal for the Earth surface research community is to develop fully automated methods of feature extraction from high-resolution DEMs to avoid expensive and time-consuming field mapping [9] . The low-cost UAS based SfM photogrammetry along with a terrace detection algorithm employed in this paper represents the first step towards this goal. The former demonstrates the capabilities of this technique for producing fine-scale DSMs over complex terrains. The latter attempts to meet some of these research needs by allowing the statistical determination of the thresholds for terrace extraction. Meanwhile, with ever increasing spatial resolutions of DSMs, application of object-based image analysis (OBIA) for landform identification has received much attention [45] . OBIA allows for the automatic mapping of features that are invariant and accurate in resembling the geomorphologists' views of landforms. Several authors have underlined the superiority of the OBIA through mapping practices of a variety of landforms, including glaciovolcanic landforms [46] , drumlins [47] , and gully-affected areas [48] . In the future, attempts should be made to develop the OBIA framework for river terrace detection based on the generated DSMs.
This study is, to our knowledge, the first one to evaluate the performance of low-cost UAS-based SfM photogrammetry for terrace mapping over a complex terrain setting with a relatively large spatial extent. For a survey of such a complex area using a quadcopter, an image acquisition approach was proposed, which involved the creation of sub mapping units to ensure sufficient overlaps of acquired images, and the utilization of multiple batteries within a smart management mission planning software to extend the survey area. The study was carried out over the 1.9 km 2 valley of Dashi River, Qinhuangdao, China. As a result, a 3.8 cm resolution orthomosaic and DSM were generated from a total of 1100 images acquired from the two mapping units. The vertical accuracy of DSM was assessed against 196 independent checkpoints measured with an RTK GPS, which showed that the RMSE and MAE are 3.1 cm and 2.9 cm, respectively. Based on the generated DSM, a high-level floodplain and three level river terraces were identified, which were 5.0 m (T0), 7-8 m (T1), 9-12 m (T2), and 29-34 m (T3) above the present bankfull level. The field validation confirmed that most of the delineated terraces correspond to terrace remnants.
In summary, this study highlighted that the highly accurate DSM of centimeter-level resolution could be obtained over complex terrain settings using the low-cost UAS-based SfM photogrammetry, competitive with those delivered using more expensive laser scanning. The generated DSM is particularly suitable for the quick and cost-effective mapping of river terraces. This work provides the workflow for the production of highly accurate datasets under such complex conditions and thus promotes landform mapping applications in remote or poorly accessible areas. Additionally, there are several advantages of UAS-based SfM photogrammetry, including low-cost, high efficiency, high vertical accuracy, centimeter-level resolution, and large spatial extent. Future work will focus on the development of OBIA framework for river terrace detection using these SfM-generated DSMs.
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